• Mass transfer kinetics during osmotic dehydration process of pears in sucrose solution was studied • Peleg model was applied to the experimental data to describe sorption kinetics curves • The equilibrium values for moisture and solid content were estimated using Peleg equation , decreased with increasing temperature, as well as decreased with increasing concentration of osmotic solution at constant temperature. Both capacity constants k 2 WL and k 2 SG also exhibited the inverse relationship between capacity constant and temperature, as well as concentration of the osmotic solution. Peleg's rate constants for WL and SG at all temperatures followed an Arrhenius type relationship. The predicted equilibrium values were very close to experimental ones, which was confirmed with high coefficients of determination and by the residual analysis. 
acids, volatiles and minerals such as copper, iron, potassium and magnesium. The chemical composition, the nature and concentrations of pear's constituents are associated with the organoleptic characteristics of the pear fruits [1] [2] [3] . In addition, pear fruit is one of the very low calorie fruits. Due to these beneficial features, regular consumption of pears is highly recommendable in human nutrition [4] .
The common fruit processing techniques are conservation in syrup, juice and drying. Dried fruits are used for many purposes in bakery products, gravies and compotes. Ready-to-use intermediate mois-ture (IM) food for human consumption has received much attention in recent years. IM products produced by osmotic dehydration (OD) have a higher content of nutrients than those produced by any other drying techniques, because OD has little effect on various internal components. OD of fruits, as a pre-treatment for further steps of drying, presents some benefits such as reducing the damage of heat to the flavor, color, inhibiting the browning of enzymes and decrease the energy costs [5, 6] . OD is a process of partial removal of water by immersing of food (fruit, vegetables, meat and fish) in different types of solutes such as sucrose, fructose, corn syrup, glucose, salts`, etc., used as osmotic agents for OD [7] .
During the OD process the water and small amounts of natural solutes (such as pigments, sugars, organic acids, minerals, vitamins, etc.) diffuse from fruit to the solution and the solute is transferred from the osmotic solution to the fruit tissue in a countercurrent mode. It is an efficient form of moisture removal from solid food, causing no change in phase of the water [8] . The weight reduction is approximately 50% of the original weight due to the osmotic dehydration. Mass transfer during osmosis depends on operating parameters such as concentration and type of the osmotic solution, temperature and period of process [9] . According to previous research, temperature and concentration of osmotic solution have the highest effect on mass transfer kinetics during the process of osmotic dehydration. In addition, the rate of WL during osmotic dehydration is affected by the immersion time, sample to solution ratio and agitation of the osmotic solution [10] [11] [12] [13] . Mass transfer during osmosis occurs through a semi-permeable cell membrane and consists of two major simultaneous counter-current fluxes of water and solutes -diffusion of water from food to osmotic solution and diffusion of solute from solution to the food. Leakage of negligible amounts of natural solutes present in the cells into osmotic solution has been considered as third minor flux [14, 15] .
Mathematical equations describing mass transfer during the osmotic drying enable better comprehension of dehydrated material composition and operating parameters. In this regard, many theoretical and empirical models have been presented in literature, whereas empirical ones have been more popular given their relatively easy application [16] [17] [18] [19] . The main goal of existing mathematical models of drying process is prediction of the drying time. The prediction of the drying time is the basic data for the sizing and the optimization of an industrial plant drying. Drying rate is always related to one specific product and one specific operation. In the case of a constant drying rate period, the phenomenon is in steady state. The mathematical models usually based on Fick's diffusion model for drying studies have been applied to fit drying data of biological materials [20, 21] .
Peleg model, an empirical one, has been widely used to describe sorption and desorption processes in various foods, i.e., to predict water loss/gain and sugar/salt gain. It has been used to describe water desorption of sago starch, papaya, apricot, cherry tomato, pear, etc. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Although it was found that other mathematical model better predict kinetics of the pear osmotic dehydration, according to some authors, Peleg's equation presents the best fitting for WL and the best adjustment to experimental data. Peleg's equation parameters have been subjected to analysis of variance and post-hoc Tukey's HSD test (at 95% confidence limit) to show statistically significant differences between samples [24, 29, 32] .
With the lack of published experimental data for OD conducted with "Abate Fetel" pears as model fruits, our intention was to obtain additional information for practical application in OD process design and control. The objective of this work was to examine mass transfer kinetics in terms of WL and SG as a function of concentrations of osmotic solutions, temperatures and time of immersion during osmotic treatment of pears. Furthermore, the evaluation of applicability of Peleg's equation to experimental data for determination of equilibrium water and solid contents for OD at different concentrations and temperatures as well as the relationship between the Peleg's specific rate constant and temperature using Arrhenius equation for determination of the activation energy (E a ) for WL and SG were done.
MATERIALS AND METHODS

Preparation of pear samples
Abate Fetel pears were purchased daily from the local market at Belgrade, Serbia. Before experiment, fruits were washed and peeled. The peeled pears were manually cut into cubes of 1 cm 3 , gently blotted with tissue paper to remove the excess of surface moisture and weighed. Initial moisture content, M 0 , was 84.92±0.99%. Analytical grade sucrose was purchased from Merck. The sucrose solution concentrations were 40, 60 and 70 mass%, and were checked by a digital refractometer (Cole-Parmer, USA). Osmotic treatment were carried out at atmospheric pressure, in temperature range from 20 to 50 °C using a circulating water bath (Circulating bath 240 VAC, Cole-Parmer, USA).
The pear cubes were immersed in the sucrose solutions, with a sample to solution ratio of 1:10 (w/w). Samples were stirred every 10 min for purpose of easier moving of water that had diffused from the center of the pear cube to its surface and allowing better homogenization of the osmotic solutions. Processing conditions regarding steering, intensity, duration and frequency of stirring were the same for all concentrations of osmotic solutions, at all temperatures, so the results could be comparable. Fruits were removed from the containers after the period of 30, 60, 90, 120, 180, 240, 300 and 360 min, quickly rinsed with distilled water to remove adhered sugar solutions to the surface and gently blotted with tissue paper to remove excess solution from the surface. After each contact time pear cubes were placed in the drying oven (Instrumentaria ST01) at 105 °C for 24 h until constant weight were reached. In order to determine mass change, all samples were weighed before and after treatment using an analytical balance (Mettler-Toledo, JP 1203C, Switzerland). The solid content of osmotic solutions was determined refractometrically (digital refractometer 300034, SPER Scientific Ltd., USA). All analyses were carried out in triplicate and in accordance to AOAC [33] .
Kinetic parameters determination WL and SG of the samples were calculated as follows:
where M 0 (g) is the moisture content in fresh fruit; M t (g) is the moisture content at time t of osmotic treatment; S 0 (g) is the dry matter of fresh fruit; S t (g) is the dry matter after time t of osmotic treatment; W 0 (g) is the mass of fresh fruit before the osmotic treatment.
Curves of WL and SG as a function of time were constructed using experimental data. Peleg's two-parameter equation [15, 21, 23, 24, 34] was used for describe sorption kinetics curves that approaches equilibrium asymptotically:
where M t is moisture or solid content (g) at time t (h), M 0 is initial moisture or solid content (g), k 1 is the Peleg's rate constant and k 2 is the Peleg's capacity constant. In Eq. (3), "±" becomes "−" for water loss and "+" for solid gain [23] .
The first derivative of Eq. (3) gives the rate of sorption (R):
The Peleg's rate constant k 1 relates to dehydration rate at the beginning, t = t 0 , and is inversely proportional to initial rate of dehydration [24] :
The Peleg's capacity constant k 2 relates to minimum attainable moisture content, so at time t→∞ Eq. (4) gives the relation between equilibrium moisture content (M eq ) and k 2 [23, 31] :
Rearrangement and linearization of Eq. (4) give the possibility for graphical determination of the Peleg's kinetics parameters [24] :
The plot of Eq. (7) is a straight line, where k 1 is the intercept and k 2 is the slope [23] .
The quantification of the drying can be made by the quantification of the energy received by the material that is being dried. This energy is equal to the energy necessary for the vaporization of the water removed during the drying. In the decreasing drying rate period, namely the unsteady state, the behavior of the material during the drying is due to the domination of internal resistance. The distinctions of these drying periods are obtained by drying rates calculations from drying curves. In order to find the effect of temperature on water desorption of pears, an Arrhenius type equation was used for modeling the dependence of Peleg's rate constant (k 1 ) on temperature [28] .
The linearized Arrhenius equation represents the temperature dependency of the Peleg's rate constant: 
where n e is the number of experimental data, X exp is the experimental value for WL or SG, and X p is the calculated value for WL or SG.
Statistical analysis
Descriptive statistical analyses for Peleg's equation parameters were expressed as the mean ± standard deviation (SD). Post-hoc Tukey's HSD tests at 95% confidence limit have been calculated to show significant differences between observed samples. These calculations and the residual analysis were performed using StatSoft Statistica 10 software (Statsoft Inc., Tulsa, OK, USA).
RESULTS AND DISCUSSION
The experiments of osmotic dehydration of pears were carried out at three different concentrations and three different temperatures. Figures 1 and 2 , the trend of the faster mass transfer rate in the initial period of osmotic treatment is clear, and is followed by slower removal of water and uptake of sugar from fruit tissue in later stages. This reduction of the mass transfer rate might be result of the formation of the solid layers at the surface of the fruit tissue, which hinders transfer of water and solids [35] . The WL and SG increase with increasing sucrose concentration at constant temperature, as well as with increasing temperature of the osmotic solution. An initial increase of WL and SG probably occurred because of the osmotic driving force difference between the dilute juice of the pear cubes and the surrounding hypertonic sucrose solution. The increase of WL and SG with the higher solution concentration is due the high concentration difference between the pear and osmotic solution that increased the rate of diffusion of solute and water exchange with osmotic solution [28, 35, 36] . Higher temperatures of osmotic solution additionally cause increase in kinetics of mass transfer. Higher temperatures seem to promote faster water loss through swelling and plasticizing of cell membranes as well as the better water transfer characteristics on the product surface due to lower viscosity of the osmotic medium [29, 37, 38] . This enhanced removal of water and uptake of solids showed that immersion time and concentration of sucrose solution were significant factors affecting WL during osmotic dehydration of followed by temperature [30] . The equilibrium point is reached when water activities of osmotic solutions and dehydrated fruit product become equal. The experimental equilibrium point were reached after 360 min of the osmotic treatment in some of the samples (Table 2) , while in the others experimentally obtained values were very close to the ones calculated by Peleg's model. According to this, it would be reasonable to claim that 360 min is a long enough period to reach equilibrium.
Since both WL and SG influence decrease in water activity, their relationship is important for the attainment of the equilibrium [10, 31, 35] . The predicted and experimental equilibrium values for moisture content and SG at different experimental temperatures and concentrations of osmotic solutions are shown in Table 2 . As can be seen, slight differences between the equilibrium experimental data and predicted values by the Peleg's model were observed (Table 2 ). Table 2 also shows the residual analysis, which is performed to check the assumptions of independence, normality, homoscedasticity and zero mean of errors. The mean of residuals are close to zero, and the standard deviation of M eq and S eq were 0.11 and Table 1 0.05, respectively. These results showed a good approximation to a normal distribution around zero with a probability of 95% (2×SD), which means a good generalization ability of developed models for the range of observed experimental values (the skewness parameter showed minimal deviations from normal distribution, while the Kurtoisis parameter showed almost neglecting difference in "peakedness" compared to normal distribution). [35] . Depending on sucrose concentration, it was found that the rate constant for WL is more temperature sensitive than the rate constant for SG (Table 3 .) for 40 and 60 mass% sucrose concentration. At higher sucrose concentration (70 mass%) the rate constant for SG is more temperature sensitive compared with the rate constant for WL.
CONCLUSION
The influence of concentration and temperature on mass transfer kinetics was investigated through WL and SG during osmotic dehydration treatment of pear cubes. The SG and WL increased with increasing sucrose solution concentration and temperature during osmotic treatment of pear. Peleg model was successfully applied to the experimental data and for description of the osmotic dehydration process. From the experimental data, equilibrium values for moisture and solid content were estimated using Peleg's equation. The model predicted equilibrium values fitted very good to experimental ones, which is confirmed with high coefficients of determination and by the residual analysis. The Arrhenius equation was successfully applied to evaluate the temperature dependency of the Peleg's rate constant and activation energy determination. 
